Studies of open charm, charmonium and bottomonium production at LHCb  by Britsch, Markward
aMax-Planck-Institut fu¨r Kernphysik
Saupfercheckweg 1
69117 Heidelberg
Germany
Studies of quarkonium and charm production in the forward region provide important tests of NRQCD. During 2010
and 2011 the LHCb experiment has collected a dataset corresponding to an integrated luminosity of 1 fb−1 in proton-
proton collisions at We present studies of the production of open charm, charmonium, and bottomonium
states and compare the results to recent theoretical predictions. We also present measurements of double charm
production, performed for the ﬁrst time at a hadron collider.
1. Introduction
Heavy ﬂavor production provides input to models
such as non-relativistic QCD (NRQCD). For example
quarkonium production covers the issue of color singlet
model (CSM) versus color octet model (COM), while
double charm production probes, e.g., double parton
scattering (DPS). The forward region is of special in-
terest as it is not covered by other experiments.
The LHCb detector [1] at the LHC at CERN cov-
ers a unique kinematic range for tracks of 2 < η < 5
in pseudorapidity and down to transverse momenta of
pT ≈ 30 MeV/c. It is a forward spectrometer optimized
for b- and c-physics, has an excellent vertex resolution
due to its vertex detector (VELO) and good π/K/p sep-
aration due to its two RICH detectors. The trigger con-
sists of a hardware stage, based on information from the
calorimeter and muon systems, followed by a software
stage which applies a full event reconstruction.
In this paper the measurements of quarkonium pro-
duction will be discussed in Section 2. This will be fol-
lowed by a description of the measurements of double
charm production in Section 3. The letter closes with
the presentation of the results on open charm produc-
tion, notably the D+s −D−s production asymmetry, in Sec-
tion 4.
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Figure 1: Prompt ψ(2S ) diﬀerential cross-section versus pT , com-
pared with diﬀerent models: NLO including color singlet and color
octet contributions (MWC [2] and KB [3]) and CSM including the
dominant NNLO terms (AL [4, 5]).
2. Quarkonium production
Unless otherwise stated, the analyses discussed in
this section use the ﬁrst 38 pb−1 of data taken in 2010,
or subsamples thereof. The decay channel μ+μ− is used,
except for the case of the ψ(2S ) where the decay chan-
nel ψ(2S ) → J/ψπ+π− is added. We achieve a high
eﬃciency for the J/ψ dimuon channel of tot > 40 %
at pT > 10 GeV/c, including acceptance, detection ef-
ﬁciency, trigger eﬃciency and selection. The mass res-
olution is ∼ 15 MeV in case of the J/ψ and ∼ 50 MeV
in case of the Υ, thus Υ(1S ), Υ(2S ) and Υ(3S ) are well
separated.
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Figure 2: Υ(1S ) diﬀerential cross-section versus pT , compared to
a NLO color evaporation model (CEM) [6] and a NLO NRQCD
model [7].
To separate prompt production from charmonium
originating in b-hadron decays, the pseudo proper time
tz =
(zJ/ψ−zPV)mJ/ψ
pz
is used, where zJ/ψ is the z-coordinate
of the J/ψ vertex, zPV that of the primary vertex, mJ/ψ
the nominal J/ψ mass and pz the z-component of the
J/ψ momentum. The z-axis points parallel to the beam
direction from the interaction point towards the detec-
tor. The limiting systematic uncertainty (10 – 20 %) is
the unknown J/ψ polarization.
In the following we will present the diﬀerential cross-
sections of the ψ(2S ) and Υ(1S ). Mind that the results
on the cross-sections measurements of J/ψ, Υ(2S ) and
Υ(3S ) can be found in Ref. [8] and [9]. This will be fol-
lowed by the results of measurements of χc production,
namely the production ratio σ(χc → J/ψγ)/σ(J/ψ).
The results for the prompt ψ(2S ) [10] are shown in
Fig. 1, where the data are compared to the theory pre-
dictions ﬁnding good agreement. The diﬀerential cross-
sections of the Υ(1S ) [9] also agree well with higher
order predictions, as can be seen in Fig. 2.
For the χc → J/ψγ reconstruction, the low pT γ
reconstruction is done in the calorimeter1 [11]. Fig-
ure 3 shows that the ratio σ(χc → J/ψγ)/σ(J/ψ) versus
pT [12] is well predicted by NRQCD (in red), while the
leading order CSM (in blue) fails to describe the data.
1In addition to non-converted photons, photons converted in the
main tracker and reconstructed by the calorimeter are included.
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Figure 3: σ(χc → J/ψγ)/σ(J/ψ) versus pT of the J/ψ. Black is the
result from the analysis using unconverted photons, the black lines are
the error due to the unknown polarization. Two theory model predic-
tions (ChicGen [13] and NLO NRQCD [14]) are also shown.
3. Double charm production
The production of double cc is expected to come
from higher order gluon diagrams, for J/ψ with a strong
color octet contribution. It could be enhanced by the
charm content of the proton or by double parton scat-
tering (DPS). The naı¨ve DPS prediction2 is:
σC1σC2
σC1C2
≈
15 mb [15], where Ci, i = 1, 2, is an open charm meson
or J/ψ and σC1C2 is the cross-section of their simultane-
ous production.
σ(J/ψJ/ψ) was measured in 2010 data with an in-
tegrated luminosity of 38 pb−1 [16], requiring the two
J/ψ’s to come from a common vertex. The statisti-
cal signiﬁcance of the double J/ψ signal is larger that
6σ. The analysis was performed in the rapidity range
2 < y < 4.5 and for pT < 10 GeV/c and gave the re-
sult σ(J/ψJ/ψ) = 5.1 ± 1.0 ± 1.1 nb, where the ﬁrst
uncertainty is the statistical and the second uncertainty
is the systematic one. The main systematic uncertainty
in this and the following analysis arose from the uncer-
tainty on the track reconstruction eﬃciency (5 – 13 %).
The result is consistent with the theoretical predictions
from prompt LO CSM of 4.1 ± 1.2 nb [17] and DPS of
2 ± 1 nb [18]. In the invariant mass plot of double J/ψ
shown in Fig. 4, no sign of feed down from a tetraquark
or χb is found, though the data sample is rather small.
The cross-sections σ(J/ψC), σ(J/ψC), σ(CC),
σ(CC) and σ(CC), where C is an open charm meson
2In the case C1 = C2 there is an additional factor 2.
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Figure 4: Invariant mass of the double J/ψ candidate in comparison
to a model prediction [19].
and both J/ψ and C are coming from the same primary
vertex, were measured in 2011 data with 355 pb−1[20].
This is the ﬁrst observation of these kind of double
charm events at a hadron collider. Most of the chan-
nels are observed with a signiﬁcance lager than 5σ. The
results are illustrated in Fig. 5 and 6. The cross-sections
are larger than LO gg-fusion predictions. The naı¨ve
DPS prediction on the other hand works well for the
J/ψC modes while for CC the predictions are too low
which could be an eﬀect of fragmentation.
4. Open charm production
Following earlier measurements of the open charm
cross-sections [22], a measurement of the D+s −D−s pro-
duction asymmetry AP =
σ(D+s )−σ(D−s )
σ(D+s )+σ(D−s )
at 7 TeV has been
made [23].
The quark production should be symmetric, but
hadronization may not be, leading to a non zero asym-
metry. In this analysis, we use 1 fb−1 of 2011 data. The
analysis makes use of the decay D+s → φ(K+K−)π+ and
its charge conjugate. A crucial point here is to deter-
mine the π+/π− detection asymmetry. For this we use
D∗+-tagged D0 → K−π+π−π+ decays, but reconstruct
only two of the three pions and compare with the result
where we use all three pions. Data taken with opposite
magnet polarities are combined in order to reduce sys-
tematic uncertainties. The analysis is performed in the
range 2 < y < 4.5, pT > 2 GeV/c and leads to the result
AP = (−0.33 ± 0.22 ± 0.10) %, consistent with theory
prediction [24, 25]. The results are also shown versus y
and pT in Fig. 7, where they are also split into datasets
of opposite magnetic ﬁeld polarity showing no signiﬁ-
cant diﬀerence. The main systematic uncertainties are
due to the modeling of the background shape in the D+s
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Figure 5: Cross section of the diﬀerent double charm channels. The
leading order gg-fusion predictions are shown in yellow (ﬁlled) [5]
and green (hatched) [21].
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Figure 6:
σC1σC2
σC1C2
for the diﬀerent double charm channels. The value
for the naı¨ve DPS prediction is shown in green (ﬁlled stripe) [15].
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Figure 7: The D+s − D−s production cross-section asymmetry plot-
ted versus y (left) and pT (right). Red (upper panels, round symbol)
and blue (upper panels, rectangular symbols) correspond to opposite
dipole magnet polarities. The average of the two is shown in the lower
panels.
mass spectrum and to the statistical uncertainty on the
eﬃciency (0.06 % each).
5. Summary
LHCb is an excellent environment for charm pro-
duction measurements in the forward region. In this
paper, accurate production measurements for all main
quarkonium states have been shown. Most of the double
charm modes are observed in hadron collisions for the
ﬁrst time showing strong hints for double parton scat-
tering. The measured D+s −D−s production asymmetry is
in agreement with theory.
In the future we plan to update the open charm cross-
section measurement with more luminosity, and to mea-
sure the J/ψ polarization. In addition, the measurement
of the χb feed-down to Υ(1S ) and production measure-
ments at diﬀerent
√
s are also on-going and will be
available in the near future.
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